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ABSTRACT In this study, the concrete cone capacity, concrete cone angle, and load—displacement response of cast-in
headed anchors in geopolymer concrete are explored using numerical analyses. The concrete damaged plasticity (CDP)
model in ABAQUS is used to simulate the behavior of concrete substrates. The tensile behavior of anchors in
geopolymer concrete is compared with that in normal concrete as well as that predicted by the linear fracture mechanics
(LFM) and concrete capacity design (CCD) models. The results show that the capacity of the anchors in geopolymer
concrete is 30%—40% lower than that in normal concrete. The results also indicate that the CCD model overestimates the
capacity of the anchors in geopolymer concrete, whereas the LFM model provides a much more conservative prediction.
The extent of the difference between the predictions by the numerical analysis and those of the above prediction models
depends on the effective embedment depth of the anchor and the anchor head size. The influence of concrete surface
cracking on the capacity of the anchor is shown to depend on the location of the crack and the effective embedment
depth. The influence of the anchor head profile on the tensile capacity of the anchors is found to be insignificant.

KEYWORDS cast-in anchor, concrete cone capacity, geopolymer concrete, head size, surface crack, anchor profile

1 Introduction mechanics (LFM) revealed that the concrete cone
capacity (N,imy) of anchors depended on the elastic
modulus (£,) and the Mode 1 fracture energy of the
concrete substrate, Gy (Eq. (1)). Measuring the Mode 1
fracture energy of concrete is intricate and requires highly

sophisticated equipment. In 1995, Fuchs et al. [4]

1.1 Cast-in headed anchors

Cast-in headed anchors subjected to tensile loading may
experience steel- or concrete-related failures. The anchor

strength under steel failure is directly proportional to the
yield stress (or in the case of high-strength steel, the
ultimate strength) of the steel and the cross-sectional area
of the anchor shaft. Concrete-related failures, such as
concrete cone and concrete splitting failures, exhibit more
complex behaviors than steel failure. Of all the failure
modes, concrete cone failure is the most common failure
mode of cast-in anchors and generally occurs when the
tensile capacity of the concrete is exceeded [1]. The first
design model of cast-in anchors failing under a concrete
cone was adopted by ACI Committee 349 in the mid-
1970s [2]. In 1989, a study [3] using linear fracture
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proposed the concrete capacity design (CCD) model. The
CCD model uses the most commonly measured concrete
properties, the average uniaxial compressive strength of
concrete (cylinder) at the age of testing (f,,,,) and effective
embedment depth of the anchors (%), to predict the
concrete cone capacity (N, ccp) (Eq. (2)). In Eq. (2), £ is
used to approximate the tensile strength of concrete [1].
The CCD model is still widely used in most design
standards [5-8] and as a benchmark by researchers.
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The factors that influence the behavior of both cast-in
and post-installed anchors include the type of concrete
substrate [9-20], presence of cracks in the substrate
concrete [21-24], reinforcement in the concrete
[22,25-27], age of the concrete [28-34], varying
thickness of the substrate [27,35], and presence of void
formers in the substrate [32,36]. One geometric parameter
that specifically influences the capacity of cast-in headed
anchors is the head size ratio [27,35,37-40]. Further
research on the specific parameters affecting the behavior
of post-installed and cast-in anchors can be found in
Refs. [41-50].

Studies conducted on cracked concrete [27,51,52]
consider that cracks propagate through the entire depth of
the slab, and the tensile stresses are only transferred
through the orthogonal surface reinforcement. Correspon-
dingly, standard prediction models [5-8] have used these
studies to adjust their equations to incorporate the
reduction in anchor capacity due to cracked concrete,
which is applied through a reduction of ~30% in the
constants used in Egs. (1) and (2). To the best of our
knowledge, there is no literature on the effects of concrete
surface cracking on the tensile behavior of anchors.

In addition to the effective embedment depth and the
concrete material properties, such as f,, E_, or G (some
of these are taken into consideration by different
prediction models), the tensile capacity of headed anchors
and the diameter of the concrete cone in the concrete cone
failure mode have also been shown to depend on the ratio
of the bearing stress over the anchor head (o) to the
uniaxial compressive strength of concrete (f,) [35,37,38].
This is referred to as the anchor head size ratio (o /f;) in
the current study. The bearing stress (o) used in this
ratio is calculated by dividing the anchor capacity,
determined by Eq. (2), by the bearing area of the anchor
(Ay). According to Nilforoush et al. [35], the anchor head
size can be categorized as small, medium, and large when
o/f. =20, 11, and 4, respectively. Note that in this study,
the term anchor head diameter is not the same as the
anchor head size.

Studies conducted on anchors with varying anchor head
size ratios at similar effective embedment depths showed
a significant influence on the concrete cone capacity of
the anchor, which was not captured by any of the
prediction equations [35,38]. The numerical study
conducted by Ozbolt et al. [38] demonstrated that the
CCD model underestimated the capacity of large-headed
anchors by up to 111%. Similarly, Nilforoush et al. [35]
stated that the CCD model underestimated the capacity of
large-headed anchors by up to 15%, whereas small-
headed anchors were predicted accurately by the CCD
model. Therefore, they suggested applying a modification
factor (¥9;,) to Eq. (2) to incorporate the influence of the
anchor head size ratio. Because Egs. (1) and (2) assume
that the bearing stress on the anchor head is 15/, the
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modification factor is applicable to both equations.
Nyan = ‘P(,l'i[ “Nycep OF Nypv - N, (3)

ﬂ. 0 _ Nucep OF Nypem
AT 15,
bearing area over the anchor head such that the bearing
stress is 15 times the uniaxial compressive strength of
concrete and W,y is the modification factor for the anchor
head size

where W,y = , mm* A} is the

1.2 Geopolymer concrete

Geopolymer concrete has attracted interest in the construc-
tion industry as an eco-friendly alternative to normal
concrete. However, one of the main issues with
geopolymer concrete is the health and safety concerns
that arise from the hazardous materials in such concrete
mixes, such as fly ash, blast furnace slag, and highly
concentrated alkaline hydroxides and silicates. Moreover,
geopolymer concrete is more prone to drying shrinkage
than normal concrete [53,54]. Therefore, geopolymer
concrete is considered more suitable for the precast
industry, where curing occurs under more controlled
environments. It should be noted that the term
“geopolymer concrete” in the current study refers
exclusively to fly ash-based geopolymer concrete. In this
type of geopolymer concrete, workability is usually an
issue, and the addition of water to improve workability
lowers the mechanical properties of the concrete [55,56].
The workability of geopolymer concretes depends on the
binding material, aggregate size, and alkaline solution
used [57]. Many studies [58—61] have shown that the
addition of blast furnace slag to fly ash provides
significantly better mechanical properties; however, it
further reduces the workability of the concrete. According
to the results obtained by Yousefi Oderji et al. [61],
substituting 15% of the fly ash with blast furnace slag
yielded the best mechanical properties with a tolerable
loss of workability. Bouaissi et al. [57] reported that
binding materials including a mix of fly ash, blast furnace
slag, and high-magnesium nickel slag improved the
workability of concrete by providing a dense microstruc-
ture, resulting in a significant increase in the compressive
strength compared to fly ash-based geopolymer concrete.
A recent study conducted by Ren et al. [62] found that the
use of natural seawater in geopolymer concrete prolonged
the setting time and hence provided a slight improvement
in workability; it further reduced the amount of heat
released during the geopolymerization process. In terms
of mechanical properties, the use of seawater in
geopolymer concrete results in better compressive
strength but lower flexural strength compared to those of
geopolymer concrete mixes with deionized water.

Several studies have been conducted to identify the
most effective type of superplasticizer to improve the
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workability and mechanical properties of geopolymer
concrete binding materials, such as fly ash [63,64], slag
[65], and a combination of both [60]. A recent
comprehensive literature review by Nguyen et al. [66]
concluded that with the exception of naphthalene base,
most types of superplasticizers produce a chemically
unstable state of matter when induced into a highly
alkaline environment (i.e., when employed with alkaline
activators) and do not provide any improvement in either
the mechanical properties or workability of geopolymer
concrete.

The type of alkaline activator, percentage of composite
alkaline solutions, and alkaline solution-to-binder ratio
significantly influence the mechanical characteristics,
workability, and microstructure of geopolymer concrete
[56]. Increasing the sodium hydroxide (NaOH) concen-
tration from 8 to 16 mol/L results an approximately
twofold increase in the compressive strength [67-69];
similarly, increasing the alkaline solution-to-binder ratio
from 0.3 to 0.5 increases the compressive, flexural, and
tensile strengths of geopolymer concrete, and also
improves the workability [70-72]. Furthermore, adding

sodium silicate (Na,SiO;) to the commonly used sodium
hydroxide (NaOH) improves the mechanical properties of
geopolymer concrete compared to using only NaOH.
Additionally, increasing the sodium silicate content
increases the silicates-to-aluminum and sodium-to-
aluminum ratios, leading to greater production of sodium
aluminosilicate gel, which indicates a denser geopolymer
microstructure [73-75].

Finally, studies have shown that the mechanical
properties of geopolymer concrete are highly susceptible
to the curing temperature [56,76—78]. When cured at
elevated temperatures, geopolymer concrete shows a
significant increase in compressive strength compared to
curing under ambient temperature. Muhammad et al. [76]
reported that the ideal temperature to obtain the highest
compressive strength is 80 °C, while the compressive
strength decreases with any further increase in curing
temperature beyond 80 °C [79]. According to studies
conducted on geopolymer concrete cured at ambient
temperature [58,80], the elastic modulus and fracture
energy of geopolymer concrete are significantly lower
than those of normal concrete with a similar compressive
strength. Therefore, given that the tensile capacity of
anchors depends on the elastic modulus and fracture
energy [3], it is reasonable to postulate that there may be
a reduction in the capacity of anchors installed in
geopolymer concrete compared to those installed in
normal concrete. Recent studies [§1-83] have shown that
the inclusion of fibers and microsilica in geopolymer
concrete improves the fracture energy at the cost of
workability.

In this study, the mechanical properties of fly ash-based
geopolymer concrete cured under ambient temperature
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and without any fibrous material were used to investigate
the tensile behavior of cast-in anchors, with an emphasis
on the influences of substrate surface cracking due to
shrinkage of the geopolymer concrete, the anchor head
profile, and the anchor head size on the tensile behavior
of the anchors. Five series of numerical analyses (more
than 40 analyses in total) were performed and compared
in this study in addition to the analyses initially
conducted for calibration purposes.

This study is motivated by the gap in the available
literature regarding the tensile performance of anchors in
geopolymer concrete. Geopolymer concrete employs
other cementitious materials such as fly ash or blast
furnace slag as complete replacements for cement in the
concrete mix. Therefore, with the growing awareness of
global warming and increasing interest in protecting the
environment, the demand for geopolymer concrete has
increased significantly. Recently, precast geopolymer
concrete planks were used in two major projects in
Australia: Brisbane West Wellcamp Airport and the
University of Queensland’s Global Change Institute
building [84]. Given that cast-in headed anchors are the
most commonly used type of anchor for lifting precast
concrete elements, the current study aims to provide
insight into the tensile performance of such anchors in
geopolymer concrete.

2 Material constitutive models and
modeling technique

The ABAQUS implicit procedure is used for the
numerical/finite element analysis of the anchors in this
study. Two-dimensional (2D) axisymmetric models are
created, which are more efficient than three-dimensional
(3D) models in terms of computational run times. In this
study, only the concrete cone failure mode is considered.
An anchor failing through concrete cone failure, when not
affected by the edge effect or the thickness of the
substrate, is theoretically an axisymmetric/rotationally
symmetric problem. However, during experiments, the
cone always forms an asymmetric shape because the
concrete is not completely homogenous or contains
imperfections related to installation. Such irregularities
lead to either larger or smaller cones with cone angles
that are smaller or larger, respectively, than the
theoretical values. This also means that there is a
variation in the cone angle around the same cone.
Consequently, the actual measured capacity may be
greater or less than the values predicted by the models
(such as the CCD model), which assume an ideal
symmetric cone shape.

In theory, assuming that a 3D model and its counterpart
2D model use material constituent models with the same
level of detail, perfection, and nonlinearity (also
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assuming that such material models are isotropic and
homogenous), which is the case here, and that there is
symmetry in the applied load, boundary conditions, and
geometric layout, one would expect similar results from
(properly constructed) 2D and 3D models. The 2D
axisymmetric models are calibrated against three
experimental studies from the literature and compared
with the experimental results obtained in this study to
verify their accuracy (Section 3 and Subsection 5.1). It
should be noted that because all of the anchors from these
studies failed owing to cone failure, properly established
2D models can be as efficient as 3D models, and this
would also apply to the steel and pull-out failure modes
of an anchor. However, 2D models will be inferior to 3D
models if the failure mode of the anchor is splitting
failure, owing to the reduced concrete substrate thickness.
The limitations of 2D models are discussed further in
Subsection 4.1.

2.1 Steel material

The steel used to manufacture the cast-in headed anchors
is assigned a bilinear elastic-plastic model. The yield
stress and ultimate strength are 550 and 650 MPa,
respectively. The modulus of elasticity and Poisson’s
ratio are 210 GPa and 0.3, respectively.

2.2 Concrete material

ABAQUS offers three unique material constitutive
models for concrete: concrete damaged plasticity (CDP),
concrete smeared cracking, and concrete brittle cracking.
Among the three material models suitable for concrete
material modeling in ABAQUS, the CDP material model
is the most widely utilized because of its high reliability
[85], improved calculation efficiency, and good agree-
ment with experimental results [64,65]. The other two
material models, concrete smeared cracking and concrete
brittle cracking, are not only more complex to use, but
also make the convergence of numerical solutions more
challenging, with the latter defeating the purpose [86,87].
CDP is based on isotropic damaged elasticity and
isotropic tensile and compressive plasticity [88]. Given
that the same model can be used in both 2D and 3D, one
would not expect any compromise in the accuracy of the
results from a material modeling perspective. Therefore, a
2D axisymmetric model can be used to represent a 3D
model, as discussed in Section 2. In this model, the
nonlinear response of concrete is represented using the
plasticity and damage theory, whereby the plasticity
model represents the realistic deformation of concrete,
and the damage model represents the reduction in elastic
stiffness of the concrete [89]. It is essential to include
both the plasticity and damage models to simulate
realistic nonlinear responses of concrete [90].
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The compressive stress beyond the initial elastic range
is defined as a function of the inelastic (crushing) strain,
where the inelastic strain (related to any given stress) is
the difference between the total strain and the maximum
elastic strain within the elastic range (undamaged
material). For the tensile behavior, the fracture energy
cracking criterion is considered the most suitable
approach to avoid unreasonable mesh sensitivity. The
compressive and tensile damage models are developed
using the methodology proposed by Alfarah et al. [89].

Normal concrete is modeled using relevant constitutive
prediction models [5,89,91-93]. Relevant material tests
were conducted on geopolymer concrete to determine the
required material properties, namely f_, the stress—strain
curve, E, concrete average uniaxial tensile strength (f,,),
and Gp, for the numerical analyses. The relevant
experimental setup and test procedures are described in
[94]. Figure 1 shows the compressive (o,) and tensile
stress (o)-strain curves for normal and geopolymer
concretes, along with the relevant compressive (d,) and
tensile damage (d,) curves used in the current numerical
models. Table 1 lists the mechanical properties of the
normal and geopolymer concretes used in the numerical
analyses in this study.

The CDP constitutive model also requires some
plasticity parameters to be input, namely the dilation
angle (DA), eccentricity, Ratio of the initial equi-biaxial
compressive yield stress to the initial uniaxial
compressive yield stress (0/0 ), Ratio of the second
stress invariant on the tensile meridian (K.), and the
viscosity parameter (VP). The DA and VP are fine-tuned
during the calibration process to balance the accuracy and
convergence of the numerical analyses because they are
highly sensitive to the models (Subsections 3.1 and 3.2).
All of the other parameters are defined according to the
recommendations of the ABAQUS documentation [88].
After calibration, all such parameters are kept unchanged
in all subsequent analyses for both the normal and
geopolymer concretes. Table 2 lists the values used for
the plasticity parameters in this study.

2.3 Contact surfaces and boundary conditions

The surface-to-surface contact between the anchor and
concrete is defined wusing the normal interactions
available in ABAQUS. The normal interaction contact
property is based on the Lagrange multiplier method and
allows separation between two surfaces in contact owing
to their relative displacements. Because the load-transfer
mechanism for cast-in headed anchors is mainly due to
mechanical interlocking [1], the load transfer due to
friction is ignored in the models presented here; hence,
the two surfaces are considered frictionless. The nodes
are adjusted to remove any initial penetration, and a
finite-sliding contact formulation is used to establish the
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Fig.1 Material constitutive models for normal and geopolymer concrete with f, = 34 MPa: (a) compressive stress vs. crushing strain;
(b) tensile stress vs. displacement; (c) compressive damage variable vs. crushing strain; (d) tensile damage variable vs. displacement.

Table 1 Material properties used in numerical analyses

material property normal concrete geopolymer concrete

Jem (MPa) 34 34
Jim (MPa) 2.7 26
E, (MPa) 26608 22987
G (N/m) 82.4 41.4

Table 2 Concrete plasticity parameters used for all numerical
analyses

plasticity parameter value references
DA 35° Subsection 3.1
eccentricity 0.1 [88]
T/ 1.16 [88]

K. 0.67 [88]

VP 0.000025 Subsection 3.2

relationship between the primary and secondary surfaces.

In all cases, displacement-controlled loading is adopted,
and incremental vertical displacements are applied to the
top surface of the anchor head. The vertical boundary
condition represents the base of a circular loading frame.
The distance between the anchor and the boundary
condition for all numerical analyses is 270 mm from the
center of the anchor (Fig. 2).

2.4 Concrete damaged plasticity model: mesh dependency
One of the most common techniques used to obtain mesh-

independent results is the crack band approach by Bazant
and Oh [95]. For concrete modeling, the crack band

«— |
—T— 2 boundary
270 mm | condition
contact surfaces
Fig.2 Contact surfaces, boundary condition, and load

locations (not to scale).

approach is partly inspired by Hillerborg et al. [96]
fracture energy cracking criterion. According to
Hillerborg et al. [96], the stresses near the crack opening
do not fall to zero immediately after cracking but
decrease with increasing crack width (w). According to
this approach, the behavior of concrete can be
characterized based on the stress—displacement curve,
which yields mesh-independent load—displacement results
[88,96,97]. In the CDP model, the fracture energy
cracking model is used only for the tensile behavior of
concrete and is defined using post-failure stress-to-crack
displacement data. The mesh sensitivity is demonstrated
in Subsection 2.5.

2.5 Mesh sensitivity

The use of 2D axisymmetric models significantly reduces
computational runtimes. Therefore, compared to a 3D
model, a finer mesh can be used to add more precision to
the conducted analyses while maintaining substantially
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shorter runtimes. Mesh sensitivity is evaluated in
conjunction with the calibration process, as presented in
Section 3. Figure 3 shows the meshes in three models
used to explore the mesh sensitivity. The mesh size near
the expected fracture zone is the finest at 1, 3, and 5 mm
in models (a)—(c), respectively, and gradually increases to
20 mm near the free edges. The anchor mesh size also
varies as 2, 4, and 6 mm in models (a)—(c), respectively,
to improve the interaction between the anchor and
concrete substrate. The load—displacement curves show
that while all of the models produce the same ultimate
load, only the strain softening observed in models (a) and
(b) is similar. While the results obtained from models (a)
and (b) are identical, model (a) took approximately four
times longer to complete. Therefore, it was decided that
the mesh used in model (b) had the optimum size.

3 Calibration of the numerical models

The numerical models were calibrated by comparing their
results with those of the experiments. For this purpose,

.

load (kN
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three independent experimental studies on headed
anchors installed in normal concrete were selected from
the literature. The experiments were carefully selected
such that they provided a wide range of effective
embedment depths, anchor head size ratios, and
mechanical properties of concrete (Table 3). Load—displa-
cement curves and crack patterns were considered for the
comparison and calibration.

The main objective of the calibration process was to
determine the optimum DA and VP for use throughout
the numerical study because the first trial of the
numerical simulations showed a high level of sensitivity
of the results to these two plasticity parameters.

3.1 Dilation angle

Dilation refers to the ratio of the rate of volume increase
to the rate of shear deformation when a material is in the
plastic state. In the CDP model, dilation is specified using
the plasticity parameter of the DA. This is one of the most
important parameters that must be specified in the CDP
model to obtain accurate results. Some previous studies

4 mm

(b)

90 -
80- ~ experimental
704 3 -- = model (a): finest mesh =1 mm
604 ; ;-:\\ ~~~~~~~~~ model (b): finest mesh =3 mm
504 / . \ - --model (c): finest mesh = 5 mm
40 /’ :
304 f Y
20 ]
10+ R

0 T T T

0 1 2 3 4

displacement (mm)

(@

Fig.3 Maesh sensitivity analyses and corresponding load—displacement curves: (a) finest mesh used: 1 mm; (b) finest mesh used: 3 mm;
(c) finest mesh used: 5 mm; (d) load—displacement curves for different mesh sizes.
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Table 3 Main parameters of the experiments used to calibrate the
numerical models

model ID oylfe hop (mm) Jfom (MPa) Ref.
calibration 1 2.9 50 32 [9]
calibration 2 2.3 80 42 [29]
calibration 3 8.4 220 34 [11]

used different DA values ranging from 5° to 45°, with the
majority recommending a DA between 30° and 40°
[98-102]. According to Malm [102], lower DAs result in
brittle behavior of the concrete, whereas higher angles
result in an increase in ductility. A recent study conducted
by Wosatko et al. [103] stated that for higher DAs
(> 35°), cracks tended to spread, deviating from the
experimental observations, even when the experimental
and theoretical load—displacement graphs were in good
agreement. Therefore, Wosatko et al. [103] suggested that
to demonstrate that the numerical model is in agreement
with the experimental results, not only the load—displace-
ment curves but also the crack patterns should be
compared.

Three different DAs (25°, 30°, and 35°) are used in the
three calibration models in the current study. Figure 4
shows the load—displacement curves and crack patterns of
the anchors subjected to tensile loading along with their
corresponding experimental results. The contour crack
lines show the numerical results, whereas the solid crack
line indicates the experimentally observed crack/concrete
cone. These results demonstrate that the DA plays a
significant role not only in capturing the correct crack
patterns and cone size but also in the ultimate capacity of
the anchor and the displacement at which the ultimate
capacity is reached. A DA of 25° provides the lowest
ultimate capacity of the anchor and a steeper concrete
cone crack compared with the results obtained for DAs of
30° and 35°. This is similar to the observations made by
Malm [102]. In this study, a DA of 35° provides the most
accurate ultimate capacity and concrete cone crack
pattern, with a maximum error of 12% for the ultimate
capacity. Therefore, a DA of 35° is used for all of the
numerical analyses.

3.2 Viscosity parameter

The viscoplastic regularization technique is typically used
to solve convergence issues related to the stiffness
degradation of materials that exhibit softening behavior.
This is achieved by triggering the algorithmically
consistent tangent stiffness matrices to become positive
for small time increments, which would otherwise be
negative and result in negative eigenvalues in the system
and convergence errors. ABAQUS wuses an iterative
process to identify the minimum time increment required
to obtain a stable solution.

In the CDP material model, viscoplastic regularization
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is controlled using the VP. According to the Abaqus
documentation [88], to obtain convergence without
compromising the accuracy of the results, the VP selected
should be smaller than the characteristic time increment.
Therefore, the minimum time increment required to
obtain a stable solution must be determined before
selecting an appropriate VP. The minimum time required
to obtain a stable solution is automatically calculated by
Abaqus using an iterative process.

For all of the numerical analyses in this study, the
minimum time increment required to obtain a stable/
converged solution is 1 x 10 s. Similar to the calibration
of the DA, each of the three numerical models was tested
using three different VPs, and the load—displacement
curves and crack patterns were compared for each case.
In Fig. 5, a VP value of 0.00025, which is slightly larger
than the minimum time increment, results in a dispersed
crack pattern and an approximately 30%—50% higher
capacity in all three cases. In contrast, VP values of
0.000025 and 0.0000025, which are both smaller than the
minimum time increment, show load—displacement
curves and crack patterns comparable to those of the
experiments. Accordingly, a VP of 0.000025 is selected
because it is the most computationally efficient.

4 Assumptions in the numerical models

In this section, the numerical results are compared with
the experimental results obtained in this study, as
presented in Table 4. It should be noted that manufac-
turers of cast-in headed anchors commonly identify the
anchors by their working load limits (WLLs) in tonnes
(T). For example, a 1.3T anchor has a WLL (capacity) of
1.3 t. Table 4 presents the anchor shank diameter (d),
head diameter (d,), and head size ratio (o/f;) of all the
anchors used in this study. Further details of the
experimental setup and program can be found in
Karmokar et al. [94]. The Serie A mentioned in this study
is part of the validation process, and the results are
discussed in Subsection 5.1.

4.1 Surface crack modeling

To establish a systematic and critical approach to identify
the change in the behavior of anchors due to surface
cracking, a crack with a depth of 10 mm and width of
0.2 mm is introduced at varying distances from the center
of the anchor (L., in Fig. 6) to investigate the effect of
such cracks on the initiation/propagation of cracks during
cone failure of the anchor. To model the cracks on the
surface, a discontinuity (U-shaped notch) is created in the
mesh (Fig. 6). The width and depth of the notches are
equal to the maximum crack width and depth,
respectively, were measured in the laboratory on the



1170

——experimental
--- DA 25°

load (kN)
@

Front. Struct. Civ. Eng. 2023, 17(8): 1163-1187

displacement (mm)

100 -
——experimental
80+ £ —--DA25°
g 601 / "‘5 ——DA 30°
= i / O s DA 35°
2 |
< R
20 N TS
0 =y
0 1 2 3 4
displacement (mm)
500 -
—— experimental
400+ ,—'j‘/‘»\ N [—.-DA25°
fam} -
Z 300- /’/‘ |\ |—=DA30°
~ ‘ \ o
< - |- DA 35
§ 200+ ‘ \\ \
100+ N e |
0 T . T
3 10 15 20

displacement (mm)

©

Fig. 4 Load—displacement curves and crack patterns for models with varying DAs: (a) model ID: calibration 1; (b) model ID: calibration

2; (c) model ID: calibration 3.

surfaces of the geopolymer concrete slabs. These
dimensions magnify the effect of such cracks, which are
in most cases smaller in width, depth, or both. The other
amplifying effect of such a crack in the constructed 2D
model is the continuity of the crack, as it represents a
continuous circular crack on the surface rather than
staggered crack lines of limited lengths in different
directions. Therefore, it is expected that the adverse
effects of surface cracking in the constructed numerical

model may be accentuated unrealistically, which may be
a shortcoming of the current model. This is discussed in
more detail in Subsection 5.4.

4.2 Anchor profile

Cast-in headed anchors normally have either an angular
anchor head (P1) or a flat head (P2), as shown in Fig. 6,
where s, is the anchor shoulder length and 3 is the angle
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Table 4 Geometric dimensions, head size ratios, and test matrix of the experimental study

Dot large head
1.3T 2.5T 5T
d dy, ay/f. No. of tests d dy ay/fe No. of tests d dy, ay/f. No. of tests
40 10 25 1.8 5 14 35 0.9 5 20 45 0.6 5
70 10 25 4.1 5 14 35 2.1 5 20 45 1.3 5
90 - - - - 14 35 3.0 5 20 45 1.9 5
Note: All geometric dimensions, /4., d, and dy, are in mm.
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Fig. 6 Anchor head profiles: (a) P1; (b) P2.

of anchor head shoulder. Figure 7 shows the principal
stress vectors in the vicinity of the anchor heads for P1
and P2 headed anchors subjected to tensile loading as an
indication of the load path near the anchor head. In both
cases, the principal compressive stresses on the top of the
head are perpendicular to the top of the head, i.e., they
tend to be in the vertical direction for P2 and in an
angular direction for P1. The experimental study used
anchors with an inclined head profile (P1) [94].
Therefore, for a better comparison, anchors with a similar
geometric profile are used in the numerical studies, and a
series of numerical analyses are conducted to investigate
the effect of the anchor head profile on the performance.

4.3  Anchor head size

The influence of the anchor head size is investigated for
both normal and geopolymer concrete. The anchor head
size ratio (o/f,) is kept constant at 20.0 and 9.0 for small
and medium head size anchors, respectively, at all

max. principal stress = 2.7 MPa

principal

stress

vectors

\ A concrete

anchor 7 ~SL A TE pstrate
head PI R /"% ~

(a)
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effective embedment depths. For large-headed anchors,
the anchor head size ratio varies between 0.6 and 4.1
depending on the effective embedment depth.

4.4 Summary of variables

A summary of the geometric dimensions and relevant
head size ratios of the anchors analyzed in this study is
presented in Table 5. The anchor dimensions for the
small- and medium-headed anchors are inspired by the
literature, and the large-headed anchors are based on the
anchors used in the experimental program.

The details of the numerical models are listed in Table 6.
A total of 43 simulations were conducted and divided into
five series. In Serie A, the anchor sizes, effective
embedment depths, anchor profiles, and geopolymer
concrete properties were identical to those of the
experimental test matrix. The parameters in Serie B were
similar to Serie A but normal concrete of the same
compressive strength was used as the substrate material,
facilitating a direct comparison between the behavior of
anchors in normal and geopolymer concrete. In Serie C,
the effect of surface cracking on the ultimate capacity of
the anchor was investigated. The difference in the
behavior of the anchors as a result of the change in the
anchor profile (P1 and P2) in both geopolymer and
normal concrete was investigated in Serie D. Finally,
Serie E was used to investigate the influence of the
anchor head size on the ultimate tensile capacity and
crack pattern.

max. principal stress = 3.7 MPa

N
A W / ( / JQ! ?’\/ \'\\ principal
/ |/ ] stress
/ I\ l \ \ \ vectors
ko i
AN v
h \ concrete
lf nehor substrate
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Fig. 7 Principal stress images near anchor heads subjected to tensile loading: (a) anchor head P1; (b) anchor head P2.

Table 5 Geometric dimensions and corresponding head size ratios used in the current numerical study
hep small head medium head large head
d dy ol d dy oy/fe 1.3T 2.5T 5T
d dy aylf. d dy, aylf. d dy, ayf.
40 10 12.0 =20 10 14 =9 10 25 1.8 14 35 0.9 20 45 0.6
70 14 17.5 ~20 14 21 =9 10 25 4.1 14 35 2.1 20 45 1.3
90 20 24.5 =20 20 29 =9 - - - 14 35 3.0 20 45 1.9

Notes: All geometric dimensions, 4, d, and d,, are in mm, and the 1.3T, 2.5T, and 5T anchors under the large-head category are the anchor WLL in t

provided by the manufacturer.
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Table 6 Numerical analyses: series and models

Serie model anchor WLLs anchor head size concrete type* hop (mm) anchor profile L, (mm)
A 1 1.3T large G 40 P1 -
2 2.5T G 40 P1 -
3 5T G 40 P1 -
4 1.3T G 70 P1 -
5 2.5T G 70 P1 -
6 5T G 70 P1 -
7 2.5T G 90 P1 -
8 5T G 90 P1 -
B 9 1.3T large N 40 P1 -
10 2.5T N 40 P1 -
11 5T N 40 P1 -
12 1.3T N 70 P1 -
13 2.5T N 70 P1 -
14 5T N 70 P1 -
15 2.5T N 90 P1 -
16 5T N 90 P1 -
C 17 2.5T large G 40 Pl 0.5h
18 2.5T G 40 P1 1.0h
19 2.5T G 40 P1 1.5hg
20 2.5T G 70 P1 0.5h
21 2.5T G 70 Pl 1.0h,,
2 2.5T G 70 P 1.5h,
23 2.5T G 90 P1 0.5h
24 2.5T G 90 P1 1.0h
25 2.5T G 90 P1 1.5h
D 26 2.5T large G 40 P2 -
27 2.5T G 70 P2 -
28 2.5T G 90 P2 -
29 2.5T N 40 P2 -
30 2.5T N 70 P2 -
31 2.5T N 90 P2 -
E 32 - small G 40 P2 -
33 - medium G 40 P2 -
34 - small N 40 P2 -
35 - medium N 40 P2 -
36 - small G 70 P2 -
37 - medium G 70 P2 -
38 - small N 70 P2 -
39 - medium N 70 P2 -
40 - small G 90 P2 -
41 - medium G 90 P2 -
42 - small N 90 P2 -
43 - medium N 90 P2 -

*Notes: G: geopolymer concrete; N: normal concrete.
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5 Results and discussion

5.1 Validation of the numerical results with experimental
results (Serie A)

Table 7 lists the numerical results obtained from the Serie
A analyses, experimental results obtained in this study,
and corresponding ratios of the numerical/experimental
capacities.

As indicated in Table 7, the numerical (N,,,,) and
experimental (N, ) results exhibit a good correlation in
terms of the ultimate capacities, with only two cases in
which the ratio of N ,,.,/N, ., is approximately 1.10, i.e.,
an ~10% overprediction of the experimental results by the
numerical model. Figure 8 shows the observed experime-
ntal and numerical crack patterns as well as the
load—displacement curves. The contour crack lines and
solid thin lines represent the crack patterns obtained from
the numerical simulations and the corresponding (typical)
experimental observations, respectively. In all cases, the
concrete cone angles are < 35° (35° is the angle suggested
by the CCD model), and both the experimental and
numerical results indicate a slight stripping of the top
layer of the concrete paste. According to Fig. 8, for
models 1-3, i.e., anchors with an embedment depth of
40 mm, the concrete cone size obtained experimentally
(a = 20°) is larger than the cone size obtained from the
numerical analyses (@ = 27°), where « is the failure cone
angle. Similarly, the load—displacement curves obtained
from numerical analyses show a slightly higher residual
capacity after the peak load is reached compared to that
of the anchors tested experimentally at /., = 40 mm. For
all other models, the concrete cone sizes and
load—displacement graphs are in good agreement with the
experimental results. Minor differences in the capacity of
the anchors and the concrete cone angle can be related to
any relative movement/slippage of the anchors in
concrete, imperfections in the experiments, local non-
homogeneity of the material, and frictional forces that are
not simulated in the numerical models [9]. The numerical

Table 7 Numerical and experimental results for Serie A
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models are therefore considered reliable for predicting
not only the capacity of the anchors but also their relevant
cone shape and crack patterns.

5.2 Comparison between the numerical results and
theoretical prediction models

Comparing the values predicted using Egs. (1) and (2)
with the numerical results (Table 8), reveals that the CCD
model overestimates the numerical capacities in all cases,
and the extent of this overestimation varies significantly
depending on the effective embedment depth. At an
embedment depth of 40 mm, the maximum overestima-
tion by Eq. (1) is 31%, whereas at 70 and 90 mm, the
maximum overestimates are 20% and 10%, respectively.
In contrast, the LFM model underestimates the anchor
capacities in all cases, and the extent of the
underestimation also depends on the effective embedment
depth. However, the trend is in the opposite direction, i.e.,
the maximum underestimation of 44% occurs at the
maximum embedment depth of 90 mm, and it drops to a
maximum of only 14% at an embedment depth of 40 mm.
Based on the above, two further assessments can be
suggested: first, whether the exponent of 4!’ in both the
CCD and LFM models (i.e., reflecting the maximum
possible size effect suggested by Bazant [104]) holds for
anchors installed in geopolymer concrete; second,
whether the relationships commonly used for normal
concrete to relate the modulus of elasticity and fracture
energy to the compressive strength can be directly applied
to geopolymer concrete.

5.3 Comparison between anchors in normal and
geopolymer concrete (Serie B)

The numerical results for the anchors embedded in
normal concrete (Serie B) are presented in Table 9. This
table also includes the capacity of the anchors obtained
using geopolymer concrete (N, ,,,) and the predicted

values based on the CCD and LFM models. The results

model No. parameters and results Ny num/Nyexp Uy (©) o, (°)
WLL hep (mm) Nopum Nuexp
1 1.3T 40 17.0 15.6 1.09 27 19
2 2.5T 40 17.7 17.0 1.04 28 20
3 5T 40 18.7 19.7 0.95 26 20
4 1.3T 70 46.2 413 1.12 23 20
5 25T 70 46.5 45.4 1.02 22 19
6 5T 70 48.9 48.7 1.00 21 20
7 25T 90 75.4 76.2 0.99 23 22
8 5T 90 80.0 78.2 1.02 24 23
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show that in all cases, the capacities of the anchors in
normal concrete (N, ,..,,) are 30%—40% higher than those
in geopolymer concrete. This outcome is mainly related
to the difference in the mechanical properties of
geopolymer and normal concrete; the elastic modulus and
fracture energy of geopolymer concrete are, on average,
14% and 49% lower, respectively, than those of normal
concrete (Table 1).

The concrete cone angles listed in Table 9 and the crack
patterns shown in Fig. 9 indicate that the area of influence

of the concrete cone is approximately 40%—70% larger in
geopolymer concrete than in normal concrete. The
load—displacement curves shown in this figure also
indicate a slightly stiffer behavior of anchors in normal
concrete than in geopolymer concrete (i.e., anchors
embedded in normal concrete consistently reach the
maximum load at lower displacements than anchors in
geopolymer concrete), which can directly be related to
the higher elastic modulus of normal concrete. For the
crack patterns shown in Fig. 9, the contour crack line
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Table 8 Comparison between numerical and theoretical prediction models

model No. parameters and results predicted capacities comparisons

WLL hef (mln) Nu,num Nu,CCD ]vu,LFM Nu,num/Nu,CCD Nu,num/Nu,LFM
1 1.3T 40 17.0 24.8 16.4 0.69 1.04
2 2.5T 40 17.7 24.8 16.4 0.71 1.08
3 ST 40 18.7 24.8 16.4 0.75 1.14
4 1.3T 70 46.2 57.4 38.0 0.80 1.22
5 2.5T 70 46.5 57.4 38.0 0.81 1.22
6 ST 70 48.9 57.4 38.0 0.85 1.29
7 2.5T 90 75.4 83.6 554 0.90 1.36
8 5T 90 80.0 83.6 55.4 0.96 1.44
Table 9 Numerical results for Serie B analyses
model No. parameters and results predicted capacities comparisons o (O) Qe (°)

WLL hef (mm) Nu,nonn u,geop NuA,CCD Nu,LFM Nu,geop/Nu,norm Nu,nonn/Nu,CCD NuAVnorm/Nu,LFM

9 1.3T 40 27.0 17.0 24.8 24.9 0.63 1.09 1.08 35 27
10 2.5T 40 28.6 17.7 24.8 24.9 0.62 1.15 1.15 36 28
11 5T 40 334 18.7 24.8 24.9 0.56 1.35 1.34 36 26
12 1.3T 70 69.9 46.2 57.4 57.6 0.66 1.22 1.21 33 23
13 2.5T 70 70.2 46.5 57.4 57.6 0.66 1.22 1.22 35 22
14 5T 70 72.2 48.9 57.4 57.6 0.68 1.26 1.25 32 21
15 2.5T 90 100.8 75.4 83.6 84.0 0.75 1.21 1.20 33 23
16 ST 90 111.6 80.0 83.6 84.0 0.72 1.33 1.33 35 24

shows the crack pattern of the anchor in normal concrete,
and the solid thin line shows the crack pattern of the
anchor in geopolymer concrete.

The results presented in Table 9 further demonstrate
that both the CCD and LFM models underestimate the
capacity of anchors in normal concrete by a margin of
9%-35%, which reinforces the suitability of both models
for anchors installed in normal concrete, even though the
difference is on the high side. Such a relatively high
difference, however, can be associated with the larger
anchor head sizes (lower anchor head size ratios) used in
this series of analyses (compared to the anchors with
small and medium head sizes used in the experiments to
develop the two prediction models). A detailed
investigation of the influence of the anchor head size on
their tensile capacities in both geopolymer and normal
concrete is provided in Subsection 5.5.

5.4 Influence of surface cracking (Serie C)

The numerical results obtained by investigating the
influence of the surface cracking are listed in Table 10,
where N . is the ultimate tensile capacity of the anchor
obtained from numerical simulations in cracked concrete.
In this series of analyses, a crack with a width of 0.2 mm
and depth of 10 mm is induced at different distances from
the center of the anchor by introducing a discontinuity
(U-shaped notch) in the mesh. This crack size was
selected because it was the largest surface crack observed

in the experiments. The results show that the anchor
capacity strongly depends on the effective embedment
depth of the anchor and the location of the crack. As
expected, the tensile capacity of the anchor is not affected
to a meaningful level when the crack is located at L =
0.5h, and 1.0h,, that is, within the concrete cone
footprint, in any cases. However, at L = 1.5k, most of
the anchors show a meaningful change in both the cone
size and ultimate capacity, depending on their embedment
depths.

At an embedment depth of 40 mm, the tensile capacity
is reduced by 33% when the crack is located at L =
1.5h. The reductions in the anchor capacities are 11%
and only 1% at effective embedment depths of 70 mm
and 90 mm, respectively. A clear change in the concrete
cone crack pattern is observed for the anchors embedded
at 40 and 70 mm at L = 1.5k (Fig. 10). Such changes in
the shape of the concrete cones can be justified based on
how the concrete cone is formed; during the analyses, it is
observed that the concrete cone reaches ~30%—-35% of its
total height/lateral side when the anchor reaches ~90% of
its ultimate capacity, which is similar to the observations
made by Ozbolt et al. [105]. Therefore, the anchors at an
embedment depth of 40 mm are more susceptible to
premature failure, i.e., a change in the direction of the
crack as the cone forms, moving the cone cracks toward
the induced crack, and hence leading to a smaller cone
than those embedded at depths of 70 or 90 mm. Figure 10
shows the load—displacement curves and crack patterns of



Trijon KARMOKAR & Alireza MOYHEDDIN. Cast-in headed anchors in geopolymer concrete

- - - geopolymer
— normal

- - - geopolymer
— normal

- - - geopolymer

——normal

1177

load (kN)
load (kN)

displacement (mm)

displacement (mm)

displacement (mm)

| - < | t } ‘ F = Y
- # . b
-
13T 25T | 5T
model 9 f 40 mm model 10 1 40 mm | model 11 i 40 mm
v / 4
(a) (b) ()
80 80 80
704 - - - geopolymer 704 - -~ geopolymer 704 - - - geopolymer
601 601 — normal 601 — normal
2 Z 504 Z 504
=1 < 409 5 401
< < <
= = i

displacement (mm)

6 8 10

displacement (mm)

[

| > 5T
| model 12 y 70 mm model 13 | 70 mm model 14 1 70 mm
v V 4
(d (e) (®
120 - - - geopolymer 120 --- geopolymer
100+ — normal 1001 — normal
) )
< b=}
< [
=) .=

displacement (mm)

2.5T

model 15 | 90 mm

v

(8

displacement (mm)

model 16 /

Fig. 9 Comparisons between load—displacement curves and crack patterns of anchors from the numerical analyses in normal concrete and
geopolymer concrete (models 9—16). (a) model 9; (b) model 10; (c) model 11; (d) model 12; (e) model 13; (f) model 14; (g) model 15;

(h) model 16.

all of the models analyzed in this series. In Fig. 10, the
solid thin line shows the crack pattern of the anchor in
uncracked concrete. Based on the load—displacement
curves, the anchors with an induced surface crack show a
40%-70% increase in displacement related to the peak
load, whereas their post-peak behavior remains the same.
It should be noted that although the results obtained from
the numerical analyses are consistently lower than those
of the experiment (i.e., on the safe side), for the reasons

explained in Subsection 4.1, they are still in good
agreement with the experimental results. Therefore, the
current numerical model provides a relatively simple tool
(compared with a 3D model) that can reasonably predict
the maximum effect of such cracks on the ultimate
capacity of the anchors. An alternative could be a 3D
model in which cracks of random lengths, widths, and
depths (still based on experimental measurements) are
introduced to create a more realistic representation of the
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Table 10 Numerical results for Serie C analyses

model No. parameters and results Ny o/ Ny geop a, (%) geq, (°)
WLL hop (mm) L, Nu,cr Nu’geop
17 2.5T 40 0.5k 16.7 17.7 0.94 29 28
18 2.5T 40 1.0A; 16.4 17.7 0.93 28 28
19 2.5T 40 1.5h 11.9 17.7 0.67 37 28
20 2.5T 70 0.5 48.5 46.5 1.04 23 22
21 2.5T 70 1.0h¢ 47.5 46.5 1.02 22 22
22 2.5T 70 1.5h; 414 46.5 0.89 34 22
23 2.5T 90 0.5h.¢ 78.4 75.4 1.04 25 23
24 2.5T 90 1.0A; 77.2 75.4 1.02 25 23
25 2.5T 90 1.5he; 74.5 75.4 0.99 25 23
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Fig. 10 Comparisons between load—displacement curves and crack patterns of anchors from numerical analyses in geopolymer concrete
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actual cracks. However, this would result in a
substantially more complex model, with perhaps not as
substantial an added value.

5.5 Influence of the anchor profile (Serie D)

Table 11 presents the numerical results obtained from the
analysis of type P2 anchors and compares these results
with those for type P1 anchors discussed in Subsections
5.2 and 5.3. Similarly, Fig. 11 compares the crack
patterns and load—displacement curves. In this table and
figure, N, p, is the ultimate tensile capacity of the anchor
obtained from numerical simulations using P2-type
anchors and N, p; is the ultimate tensile capacity of the

Table 11 Numerical results for Serie D analyses
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anchor obtained from numerical simulations using P1-
type anchors. The results indicate that at an effective
embedment depth of 40 mm, the P1 anchors produce a
3%—6% higher capacity, which occurs at a displacement
that is up to 10% greater than that of the P2 anchors.
However, at an effective embedment depth of 90 mm, the
P2 anchors show up to 4% higher capacities, occurring at
a displacement that is 21% greater. These differences are
insignificant and can be ignored. Moreover, in most
cases, the crack patterns associated with the two profiles
almost coincide with no significant differences. There-
fore, it can be concluded that despite the speculations
made at the start of this study based on the direction of
the principal stresses in the vicinity of the head of the

model No. parameters and results Ny po/Nypi ap, (°) ap (%)
WLL h (mm) concrete type Nupa Nupi
26 2.5T 40 G 16.8 17.7 0.94 28 28
27 2.5T 40 27.7 28.6 0.97 36 36
28 2.5T 70 G 44.0 46.5 0.95 24 22
29 2.5T 70 N 70.9 70.2 1.01 35 35
30 2.5T 90 G 77.6 75.4 1.03 23 23
31 2.5T 90 N 104.6 100.8 1.04 33 33
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259/ --- geopolymer (P2) | “
Z 204 N | normal (P1) - - =
< 15 — 1(P2)
-5 normal ( , 2.5T 25T
£ 101 40 mm 40 mm
5] model 26 geopolymer concrete model 27 normal concrete
0 AV V
0 3 4
displacement (mm)
(a)
......... geopolymer (P1)
_ --- geopolymer (P2) | - - . <
E ————— normal (P1) < j
- — - normal (P2) 25T L 2.5T L
g | 70 mm | 70 mm
model 28 geopolymer concrete | ; normal concrete
AV ] I
10
displacement (mm)
(b)
i - geopolymer (P1)
100 --- geopolymer (P2)
Z 80 [ normal (P1)
% 60 J — - normal (P2) 25T |
S 40 90 mm |
- 20 T model 30 geopolymer concrete normal concrete
1 1
0 ’ v

10

4 6
displacement (mm)

2 8

(©

Fig. 11 Comparisons between load—displacement curves and crack patterns of anchors from numerical analyses in geopolymer and normal
concrete with varying anchor profiles (models 26-31): (a) &= 40 mm; (b) A= 70 mm; (c) A= 90 mm.
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anchors, the difference in the anchor head profile does not
influence the behavior of the anchor to any meaningful
level, regardless of the concrete type. For the crack
patterns shown in Fig. 11, the solid thin line and contour
crack line show the crack patterns of the anchors with
Profile 1 (P1) and Profile 2 (P2), respectively.

5.6 Influence of the anchor head size (Serie E)

The numerical results showing the variation in the
capacity and concrete cone size of the anchors with
varying anchor head size in both geopolymer and normal
concrete are listed in Table 12. The capacity of the
anchors in geopolymer concrete increases as the anchor
head size increases from small to medium by an average
of 6%, and the capacity increases by an average of 22%
when the head size increases from small to large. In
normal concrete, the anchor capacity increases by an
average of 7% when the head size increases from small to
medium and by an average of 20% when the head size
increases from small to large. The general observations
mentioned above, i.e., an increase in capacity as a result
of an increase in head size, are in agreement with the
results of other studies on normal concrete [35,37].
However, the numerical results presented in this study
show up to 10% lower capacities than those reported by
Nilforoush et al. [27], which is likely due to the surface

Table 12 Numerical results for Serie E analyses

Front. Struct. Civ. Eng. 2023, 17(8): 1163-1187

reinforcement in the concrete slabs used by Nilforoush
et al. [27].

The CCD and LFM models overestimate or
underestimate the capacity of all anchors embedded in
geopolymer concrete, and the extent of the overestimation
depends on the effective embedment depth of the anchors
(as discussed in Subsection 5.2) and the anchor head size.
As mentioned previously, the small-headed anchors show
6% and 22% lower capacities than the medium- and
large-headed anchors, respectively. For the anchors
embedded in normal concrete, the CCD and LFM models
accurately predict the capacity of small- and medium-
headed anchors but underestimate the capacity of large-
headed anchors by up to 40% (as discussed in Subsection
5.3). Such variations are partly because neither the CCD
nor LFM models include a factor that represents the
effect of the anchor head size ratio. However, generally,
these results are in good agreement with those of studies
conducted on anchors with different head sizes [35,39].

Equation (3), which is based on the CCD and LFM
models with an additional modification factor to consider
the effect of the anchor head size, provides relatively
accurate predictions for almost all of the analyses in
normal concrete. For anchors in geopolymer concrete,
when Eq. (3) and the LFM model are used, the
predictions provide the lowest and closest results to those
of the numerical analyses. This equation overestimates

model No. parameters and results predicted capacities comparisons a(®)
hy(mm)  concrete type anchor N, Nycep Nuprem Nyan NN, ccp Nu/Nu,LFM Nu/Nu’ AH
head size  O/f; CCD LFM CCD LFM
32 40 G S 20.0 139 248 164 239 165 0.56 0.85 058 084 44
33 40 G M 9.0 144 248 164 259 179 0.58 0.88 0.56  0.80 39
26 40 G L 0.9 16.8 2438 16.4 327 227 0.68 1.02 051 074 28
34 40 N S 20.0 244 248 249 239 240 0.98 0.98 1.02  1.02 42
35 40 N M 9.0 265 2438 249 259 260 1.07 1.06 1.02  1.02 42
27 40 N L 0.9 277 248 249 327 329 1.12 1.11 085 0.84 36
36 70 G S 20.0 36.1 574 380 559 352 0.63 0.95 0.65 1.03 47
37 70 G M 9.0 377 574 38.0 60.5 38.1 0.66 0.99 0.62  0.99 42
28 70 G L 2.1 440 574 380 699 483 0.77 1.16 0.63 091 24
38 70 N S 20.0 541 574 576 559 512 0.94 0.94 097 1.06 47
39 70 N M 9.0 586 574 576  60.5 553 1.02 1.02 097 1.06 45
29 70 N L 2.1 709 574 576 699 70.1 1.24 1.23 1.01  1.01 35
40 90 G S 20.0 622 83.6 554 833 494 0.74 1.12 075 126 47
41 90 G M 9.0 67.7 83.6 554  90.1 535 0.81 1.22 075 1.27 30
30 90 G L 3.0 77.6  83.6 554 97.8 678 0.93 1.40 079 1.14 23
42 90 N S 20.0 91.6  83.6 84.0 833 718 1.10 1.09 1.10  1.28 46
43 90 N M 9.0 942 83.6 84.0 90.1 776 1.13 1.12 1.05 1.21 41
31 90 N L 3.0 1046 83.6 84.0 97.8 984 1.25 1.25 1.07  1.06 33

Notes: S: small; M: medium; L: large.
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the capacity of the anchors in geopolymer concrete at
hy = 40 mm by 26% and underestimates their capacities
by 28% when embedded at /= 90 mm. Therefore, it can
be concluded that the modification factor, W9}, used with
the LFM, can capture the influence of the anchor head
size ratio in both normal and geopolymer concrete. The
difference in the numerical-to-predicted capacity ratios
observed in geopolymer concrete can be related to the
exponent A, which does not seem to apply to anchors
embedded in geopolymer concrete. Note that the
numerical-to-prediction values (CCD and LFM models)
are similar for all anchor head size ratios when the
modification factor, W%, is incorporated in the models;
this indicates that the modification factor provided by
Nilforoush et al. [35] accurately incorporates the effect of
anchor head size ratios for both concrete types.

Figures 12—14 show the load—displacement curves and
crack patterns of all anchors analyzed in Serie E.
According to the load—displacement curves, as the head
size increases (or the anchor head size ratio decreases),
the anchors exhibit a stiffer response (i.e., the anchor
displacement at the ultimate load decreases with an
increase in the anchor head size). The crack patterns of
the small- and medium-size anchors in both normal and
geopolymer concrete and at all embedment depths show a
steeper (larger) concrete cone angle compared with the
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large-headed anchors. This is due to the high bearing
stresses on the head of the anchors, and hence, the earlier
local crushing of concrete in the case of small and
medium anchor heads. The concrete cone diameter for
small- and medium-headed anchors is less than 3/ (o >
35°), whereas for large-headed anchors, the concrete cone
diameter in normal concrete is almost equal to 34 (@ =
35°); in geopolymer concrete, it is almost equal to 5h,.
Therefore, the minimum anchor-to-anchor spacing of 3/,
and edge distance of 1.5/ considered by the CCD model
require further investigation for anchors installed in
geopolymer concrete.

For small-headed anchors, a secondary crack
propagates, but it never reaches the surface to form a
complete cone. Given that such secondary cracks do not
appear to form in all cases, further investigations are
required to understand when they form and how they may
affect the ultimate capacities. Similar cracks were
observed in the numerical results reported by Nilforoush
etal. [35].

6 Conclusions and future
recommendations

In this study, the concrete cone capacity and crack

20 ——small head
154 Fi A . medium head
A --- large head i
<10 % ; N
< | geopolymer concrete ‘ V geopolymer concrete
= 5 . ? small head - medium head
sl model 32 40 mm ‘ model 33 ‘ 40 mm
0 ‘*--‘-.'. ------------- ¥
0 1 2 3 4 5
displacement (mm)
} r . “
\ /geopolymer concretei
= large head
model 26 40 mm
(@)
30 N —— small head
254 v | medium head
=204/, | head
g " arge hea B - -
2 normal concrete normal concrete ‘
2 104 ' small head medium head <~
5 o-TTI model 34 40 mm } model 35 , 40 mm \
0 ; Y
0 1 2 3 4 5
displacement (mm)
normal concrete
large head
model 27 40 mm
v
(b)
Fig. 12 Comparisons between load—displacement curves and crack patterns of anchors from numerical analyses with varying anchor head

sizes at i,z =40 mm (models 26, 27, 32-35): (a) anchors in geopolymer concrete; (b) anchors in normal concrete.
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Fig. 13 Comparisons between load—displacement curves and crack patterns of anchors from numerical analyses with varying anchor head
sizes at .= 70 mm (models 28, 29, 36-39): (a) anchors in geopolymer concrete; (b) anchors in normal concrete.

patterns of cast-in headed anchors installed in geopoly-
mer and normal concrete are investigated using numerical
analyses. A total of 43 different analyses are conducted in
five different series. Based on the results, the following
conclusions can be drawn.

1) The CCD model overestimates the capacity of the
anchors in geopolymer concrete. The extent of this
overestimation depends on the effective embedment
depth of the anchor and the anchor head size. At &= 40
mm, the CCD model overestimates the tensile capacity of
the anchor by 44% and 32% for small and large head size
anchors, respectively. At = 90 mm, the CCD model
overestimates the anchor capacity by 26% and 7% for
small and large anchor heads, respectively.

2) The LFM model overestimates the capacity of
anchors in geopolymer concrete at /.. = 40 mm by up to
15% and underestimates the capacity of the anchors by up
to 23% and 40% at h, = 70 and 90 mm, respectively.
Similar to the CCD model, the LFM model does not
include a modification factor to incorporate the influence
of the head size ratio, resulting in the above variation.

3) The capacity of the anchors in geopolymer concrete
increase at a greater rate with respect to the effective
embedment depth compared with the above prediction

models. This indicates that the exponent h!° does not
apply to anchors embedded in geopolymer concrete.

4) The capacity of the anchors in geopolymer concrete
increases by 6% and 22% when the head size increases
from small to medium and large, respectively.

5) Compared to anchors in normal concrete of similar
compressive strength, anchors with similar head sizes
show a 30%-40% lower capacity and a concrete cone of
40%—-70% larger diameter when installed in geopolymer
concrete.

6) The magnitude of the reduction in the capacity of
anchors installed in surface-cracked concrete depends on
the effective embedment depth and location of the crack.
The highest reduction in anchor capacity (33%) is
observed for the anchor installed at ;=40 mm and L . =
1.5h. There is also a 40%—70% increase in the displace-
ment related to the peak load, i.e., less stiff behavior. The
reduction in anchor capacity is not significant when the
crack is located at distances of less than 1.54 from the
anchor, as it does not cause the redirection of cracks
toward the induced surface crack when the concrete cone
forms. It should be noted that this study was conducted
using 2D axisymmetric models; therefore, the influence
of random surface cracking could not be investigated. A
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Fig. 14 Comparisons between load—displacement curves and crack patterns of anchors from numerical analyses with varying anchor head
sizes at hi,= 90 mm (models 30, 31, 40—43): (a) anchors in geopolymer concrete; (b) anchors in normal concrete.

3D model would facilitate such a study to better
understand the impact of surface cracking on the behavior
of anchors, whether in normal or other types of concrete.

7) No significant change in the tensile behavior of the
anchors is observed with different head profiles (P1 and
P2). Therefore, in future numerical studies, head profile
P1 can be simplified to P2.

8) For the wide range of anchor head sizes and
embedment depths considered in the current study, the
modification factor suggested by Nilfouroush et al. [35]
improves both the CCD and LFM models to accurately
predict the tensile capacity of anchors installed in normal
concrete. However, neither of the models can predict the
capacity of anchors installed in geopolymer concrete
accurately, with or without the above modification factor.
Therefore, further studies are required to extend the
application of these two models to anchors in geopolymer
concrete.

9) The stress—strain relationships of the specific
geopolymer concrete materials utilized in this study are
defined based on experimental tests under both tension
and compression. This is due to the lack of analytical
models in the literature for such concrete. Therefore,
more focused research on geopolymer concrete is
required to develop generic constitutive material models
for such construction materials.
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